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INFLIGHT THRUST MEASURING SYSTEM FOR UNDERWING NACELLES 
INSTALLED ON A MODIFIED F-106 AIRCRAFT 
by Harold W. Groth, Nick E. Samanich, and Phi l ip Z Blumenthal 
Lewis Research Center 
SUMMARY 
An F-106 aircraft was modified for use a s  a flight test bed to evaluate powerplant 
system performance using two underwing nacelles containing afterburning 585-13 en- 
gines. A calibration program was conducted to determine tare  forces and the random 
er ror  of the thrust measuring system in evaluating flight performance of exhaust noz- 
zles. It was conducted over a flight Mach number range from 0.60 to 1.30 and power 
settings from part power to maximum afterburning. 
The procedure used to determine exhaust nozzle performance was shorn to be fea- 
sible and repeatable. The system makes use of a calibrated nacelle tare  force which is 
used in conjunction with a load cell reading to calculate nozzle performance. The ran- 
dom er ror  in the determination of nacelle tare  force was nearly Gaussian and resulted i n  
repeatability of &I.  0 percent in the calculation of nozzle performance for 68 percent of 
the data. 
INTRODUCTION 
As a part of a research program to investigate installation effects upon various tw- 
bojet engine exhaust nozzles, a flight test  program was initiated a t  Lewis Research 
Center. The flight program not only supplemented wind tunnel investigations but pro- 
vided additional data in the transonic range where tunnels suffer from wall interference 
problems due to blockage effects and shock reflections. The flight program also allowed 
much larger scale research hardware to be investigated. The test program was eondue- 
ted on an F-106 aircraft modified to permit installation of two pod-mounted afterburning 
turbojet engines. 
The nacelles were suspended from the wing by bearing-mounted links which per- 
mitted the nacelles to translate freely in the axial direction. A load cell was installed 
between the wing and the nacelle which measured the net longitudinal force of the nacelle. 
Details of airplane performance and flight characteristics due to aircraft modifications 
are presented in reference 1. Results from early research flights a r e  reported in refer-  
ences 2 and 3. The primary objective of this program was to evaluate the installed effi- 
ciencies of various nozzle types for both supersonic cruise and supersonic dash aircraft. 
To do t h i s ,  it was necessary to measure engine operating parameters accurately so  that 
the internal tllrust can be determined. The nozzle thrust minus drag also had to be de - 
%ermined. 
The nozzle internal ideal thrust can be obtained by using the gas generator method 
(see ref, 4) . h this method ground calibrations of the engine and afterburner a r e  made, 
and inflight measwements of various temperatures and pressures a r e  obtained and cor - 
related with the calibrations to obtain the internal nozzle operating conditions. An al- 
ternate approach to determine nozzle internal gross thrust is to use a traversing rake a t  
the nozzle exit* Results obtained by this method a r e  reported in reference 5 for a tur-  
bojet engine and in reference 6 for a turbofan engine. In either case additional idorma-  
tion is required regarding the flow field resulting from the interaction of the internal and 
extermil. flows in evaluating the overall thrust and drag characteristics of a complete ex- 
haust system.. For simple exhaust system concepts it may be sufficient in determining 
nozzle drag just to measure the pressure force acting upon the exterior surfaces of the 
nozzle boattail. However, for more complex concepts (such a s  those utilizing auxiliary 
id&) many more details of the flow influence the nozzle thrust minus drag propulsive 
lorce. The problem is further complicated when the external flow is distorted by the 
airframe inshllation effects. As a result it  may not be practical to determine nozzle 
drag "From pressure measurements since an excessive number of such measurements 
would be required. 
The technique that was used in this program was to use the gas generator method to 
determine the nozzle ideal internal thrust (ref. 7). A load cell was used to measure the 
entire rateelle thrust minus drag, and the nozzle thrust minus drag was computed by sub- 
tracting all other drag forces acting on the nacelle (upstream of the nozzle) from the load 
cell force. The summation of these other drag forces was in effect the tare  of the sys- 
tem, This tare  had to be known for a range of mass flow ratios, engine power settings, 
and flight Mach numbers. The present report describes a ser ies  of flights that were 
used to evaluate nacelle tare forces using reference nozzles whose internal thrust had 
been graund calibrated (ref. 8) and whose external drag could be determined from simple 
presswe measurements on a base region. These tare forces were obtained over flight 
Mach riurnbers from 0.60 to 1.30, mass flow ratios from 0.70 to 0.97, and power set- 
tiings uArom part power to maximum afterburning. 
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2 2 local cross-sectional area  of nacelle, cm (in. ) 
2 2 maximum cross section area of nacelle, 4230 cm (657 in. ) 
2 2 primary nozzle exit effective flow area,  cm (in. ) 
2 2 
nacelle axial acceleration, m/sec (ft/sec ) 
ejector thrust coefficient, T/P$* 
skin friction drag coefficient 
nozzle drag, N (lb) 
inlet additive drag, N (lb) 
base drag of ejector, N (lb) 
pressure drag on rearward-facing nacelle step, N (lb) 
pressure drag and skin friction drag on inlet cowl, N (lb) 
skin friction drag on nacelle, N (lb) 
propulsion system drag force, N (lb) 
ram drag, mVo, N (lb) 
pressure and skin friction drag on strut fairing, N (lb) 
nacelle reference diameter, 63.50 cm (25.00 in.) 
force measured by load eell, N (lb) 
2 2 force of gravity, m/sec (ft/sec ) 
distance from wing chord line to top of strut fairing 
flight Mach number 
mass of a i r  captured by inlet, mg (lb) 
mass of nacelle, kg (slugs) 
mass of a i r  that could be captured by inlet if full-stream tube were swallowed; 
it  is based upon free-stream density and velocity and inlet capture area hav- 
ing diameter of 37.37 cm (14.715 in.) 
number of data points sampled 
2 2 total pressure of secondary a i r ,  N/m (lb/in. ) 
2 2 total pressure a t  primary nozzle, N/m (lb/in. ) 
2 internal static pressure a t  ejector exit, N/m (lb/in. abs) 
2 2 free-stream dynamic pressure, N/m (lb/ft ) 
Reynolds number 
2 2 reference area ,  2.21 m (23.8 f t  ) 
nozzle gross thrust, N (lb) 
total t e q e r a t u r e  of secondary a i r ,  K (R) 
free-stream velocity, m/sec (ft/sec) 
distance on strut  measured aft of strut  fairing leading edge 
distance on nacelle measured aft of inlet lip 
distance along wing chord line measured aft from point of intersect of inlet 
lip plane and wing chord 
distance from aircraft centerline to nacelle centerline 
airplane angle of attack with respect to free stream, deg 
elevon deflection, deg 
nacelle angle with respect to earth horizontal, deg (rad) 
standard deviation 
ratio of secondary total temperature a t  exit of secondary passage to primary 
total temperature 
ratio of secondary to primary weight flow 
APPARATUS 
Installation 
General location of the nacelle engine installations is shown in figure 1. Figure 2(a) 
is a dekiled schematic of the aircraft  showing the nacelle installation and aircraft dimen- 
sions. Each nacelle housed a J85-13 turbojet engine and afterburner. The nacelles were 
located 1.863 meters (73.34 in.) outboard of the airplane centerline a t  34 percent semi- 
span, The inlet lip was 3.498 meters (137.73 in.) aft of the wing leading edge. Shown 
in f igwe 2(a) is the reference nozzle installed on the right nacelle and a research nozzle 
(variable flap ejector) installed on the left. Figure 2(a) also shows the portiiciia of the 
elevon that was cut out to permit down elevon movement on each side of the naaeelle 
(ref. 6). 
The nacelle installation is shown in figure 2(b). The nacelle was inclined 4-5" dowm 
with respect to the wing chord line to make the aft portion of the nacelle tangent to the 
lower surface of the wing a t  its trailing edge. 
The strut  fairing is shown in figure 3(a). A gap of 0.64 centimeter (0.25 in-) was 
maintained between the lower wing surface and the strut fairings. These struts  'Biilere 
mounted directly to the nacelle. 
Details of the elevon cutout and fixed portion of the elevon a r e  shown in f igwe 39b). 
Approximately 18 percent of the elevon surface was removed for this modification- 
A schematic drawiw of the nacelle is presented in figure 4. The exhaust nozzle was 
considered to be that portion located downstream of the nozzle reference plane (station 
127.68). The flat-bottomed bulge on the nacelle shown in sections A-A and B-B was nee- 
essitated by the 5-85 engine accessory package. 
The area  distribution of the nacelle with and without the strut fairing is shown in Eig- 
w e  5. The maximum area  occurs a t  the location of the bulge where the area is 4230 
2 square centimeters (657 in. ) .  At this station the strut fairing added 5 percent to the  
basic nacelle area.  
Details of the rounded inlet cowl lip a r e  shown on figure 6. The inlet c a p b e  area 
was based upon the 37.336-centimeter (14.715-in.) diameter. Secondary a i r  to the nozzle 
was supplied through a conical rotating valve shown in the sketch of the inlet (fig. 7). The 
valve calibrations were done in the Propulsion System Laboratory at  the Lewis Research 
Center in conjunction with the reference nozzle calibrations. Metered flow was intro- 
duced into a manifold upstream of the compressor face and was directed thro-esgh an annu- 
lar  channel to the valve (fig. 8). 
These valve calibrations were refined during the flight program by using the refer- 
ence nozzle pumping characteristics which had been determined during their gromd call- 
brations. This refinement for the flight test data was presumably necessary because of 
differences in the velocity profiles within the inlet ahead of the valve a s  compared to those 
in the calibration manifold. Secondary flow rates computed from the reference nozzle 
pumping characteristics were used to establish an effective flow coefficient for the valve, 
Figure 9 shows details of the reference nozzles. Two different nozzle sizes were used, 
and the dashed lines shows the contour of the smallest nozzle. The ejector shroud was 
cylindrical so  that pressure forces would provide no axial force except that acting on the 
annular base cavity. The secondary flow deflector was necessary to direct secondary 
flow through 24 holes in the nozzle housing ring to assure cooling airflow over the pri- 
mary nozzle leaves. The reference nozzles were instrumented a s  shown in figure 110, 
The static pressures at  the nozzle exit station were used to correlate nozzle interoal per- 
formanee with previous calibrations. Selected temperatures on the nozzle were moni- 
tored in  flight to preclude exceeding temperature limits. 
Thrust Measurement System 
The nacelle support system, shown in figure 11, consisted of a front link, a rear  
link, and a thrust sensor assembly located between the two links. The front and rear  
links were each attached to a wing fitting and a nacelle fitting with ball bearings. Each 
link was insballed so  that a line through the axis of rotation of the upper and lower bear- 
ings ?was perpendicular to the nacelle thrust axis. The front and rea r  lias transferred 
all loads acting on the nacelle directly to the wing except loads acting in the direction of 
the nacelle thrust axis. These loads were transferred to the wing through the load cell 
whose axis svas parallel to that of the nacelle. 
The load cell was a miniature type containing a semiconductor strain-gage bridge 
and was vented so  that no cell tare  force was encountered due to pressure variations. It 
was altackled to a nacelle fitting and a wing fitting through spherical bushings and was in- 
stalled s o  that a line through the axis of rotation of the two bushings a s  apprmimately 
parallel to the nacelle thrust axis. 
The load cell measured the net longitudinal force between the nacelle and the wing a s  
shown by the following equation: 
FLe = T -Dm, - mn(a + g  sin 8) 
A signal proportional to the acceleration term (a + g sin 6) was obtained from a servo- 
accelerometer mounted in the nacelle. This accelerometer contained a high gain ampli- 
fier e~ rcu i t  which electrically balanced the acceleration forces on a flexure-suspended 
seismic mass. The acceleration-sensitive axis of this unit was alined parallel to the 
nacelle centerline. 
The method by which the load cell and accelerometer signals were combined is shown 
schematically in figure 12.  The setting of this potentiometer determined the portion of 
the servoaeeelerometer signal which was subtracted from the load cell signal to obtain 
the net thrust minus drag output (load cell compensated reading). The potentiometer was 
adjusted on the ground to give a zero output since the output should be zero a t  static con- 
ditions, LOW pass filters were incorporated in both the load cell and acceBerometer cir-  
cuits to attenuate frequencies higher than the natural frequency of the nacelle support sys- 
tem (23 Hz). The load cell compensated reading was recorded 48 times during a data 
scan. 
T3 mainbin a constant temperature environment, the accelerometer mounting block 
and both ends of the load cell were equipped with heaters and thermoswitches, and the 
accelerometer and load cell were wrapped with insulation. The temperature of these 
units was maintained within 11 K (20' R)  of 31 1 K (560' R). 
In ground calibrations, the accuracy of the load cell reading compared w i a  known 
forces applied to the nacelle was within *O. 1 percent of full scale. This included hystere- 
sis, nonlinearity, and data recording system er rors ,  but did not include e r rors  due to 
changes in temperature or acceleration compensation. The overall system accuracy is 
estimated a s  *0.25 percent of full  scale. 
Airborne Data Acquisit ion System 
The data system was designed to achieve an inherently high accuracy and repeak-  
bility . Wherever possible, the transducers, instruments, and techniques used were those 
which had proven to give consistently accurate results with good reliability in other pro- 
grams. Also incorporated in this program was the preselection of transducers t o  obtain. 
the best units of a type, and thermostatically controlled electrical heating of the trans- 
ducers was used to minimize thermal drift during the flight. 
The data acquisition system, a s  shown in figure 13, consisted of a system to multi- 
plex and record quasistatic data in digital form on magnetic tape, and a system to  record 
dynamic data and variations in flight parameters in FM analog form on a second magnetic 
tape. A transducer signal patchboard was used to select the signals of interest in a par- 
ticular flight for each recording system. Major components of the data system are illus- 
trated in figure 14. 
Static steady-state pressures. were sampled by means of Scanivalves. The Scani- 
valve unit contained a solenoid-actuated rotating pressure passage which sequentially con- 
nected 48 pressure lines to a single transducer. Ten Scanivalves, located ]in the two na- 
celles, provided for a capacity of 480 pressure measurements. 
Each of the pressures was recorded only once during a data scan. Thermocoupl~3s, 
potentiometers and other transducer outputs were sampled and recorded six times during 
a scan. The total scan of 11.52 seconds included 1152 words. The details of sequeneivg 
of a data scan a r e  given here. 
The digital data recording system utilized a multiplex system (fig. 15) which sequen- 
tially sampled three groups of differential input signals. The 12 type A inputs were sig- 
nals from 10 Scanivalve pressure transducers (A1 to AlO), and two load cells ( A l l  and 
A12). The 48 type B inputs and 48 type C inputs were signals from thermocouples, poten- 
tiometers, and various other transducers. 
During a data scan, these three groups of signals were sampled by the mdtiplexer at 
a rate of 100 per second. The scanning sequence followed a pattern of frames, as illus- 
trated in figure 16, in which each of the 10 Scanivalves were read (A inputs) every 24 data 
input readings, and the type B and C inputs were repeated every 192 readings (eight 
frames j . 
At the start  of a data scan, the 10 Scanivalves were positioned a t  the home pressure 
port (Port 48). During the first frame, input A1 (Scanivalve 1, Port  48) was read, then 
B1 (first input in B group), then A2 (Scanivalve 2, Port 48), then C1 (first input in C 
group), and. so forth though B6, A12, and 66.  After each group of two Scanivalves were 
read, a command to step to the next port was given. During Frame 2, the next port 
(Port 1) on each Scanivalve and the following six inputs on the B and C groups were read. 
A% the end of eight frames, all 48 inputs on the B and C groups had been read, and samp- 
ling ef these groups for the second time was begun on the ninth frame. The data scan was 
completed at the end of 48 frames, and contained six samples each of the B and C inputs, 
one sample of each of the 480 Scanivalve ports, and 48 samples each of the two thrust 
readings on All and A12. 
After amplification and zero-shifting, the analog signal samples from the multi- 
plexer were each converted to a 120-bit binary word. This word was recorded in a 
computer-compatible format on a seven-track incremental tape recorder. Each data word 
consisted of two characters, each character consisting of six data bits and an odd parity 
bit, In addition to the data words, general information such a s  date, time, flight num- 
ber, program number, and reading number were recorded before each data scan. 
The m a x i m u  e r ror  specification for the digital data system required that 99.73 per- 
cent of the samples (three sigma, with a normal distribution) would be within *0.34 per- 
cem of full scale. This included e r rors  from all sources (ambient temperature and pres- 
sure, nonlinearity, gain inaccuracy, zero offset, drift, noise, etc .) except the trans- 
d.uc2r5, T3 eheck this accuracy, a reference voltage was recorded by the data system 
during each scan. The maximum er ror  of this reading from data recording during re-  
search flights was within h0.1 percent of full scale. 
Dgnamiic data were recorded on a 14-track analog tape recorder. The pilot's voice 
was recorded on an edge track. Either FM or direct record amplifiers could be used for 
a6y channel, At a tape speed of 38.1 centimeters per second (15 in. /see), the frequency 
response of the FM channels was dc to 5 kilohertz, and that of the direct channels was 
300 $0 662.5 kilohertz. Although data were taken, none a r e  presented herein. 
Each tape track could be utilized for six data inputs with the use of proportional band- 
width mdtiplex units. The frequency response of the 48 multiplex units in the system was 
dc to  400 hertz. 
A telemetry link to a ground-based control room was used for observation of critical 
aircraft parameters. Nine proportional bandwidth channels were provided which varied 
in upper frequency limit from 11 to 160 hertz. Telemetry was used during flutter flights 
to clear the modified airplane throughout the test profile. 
M E H O D  OF THRUST MEASUREMENT 
The primary objective of this ser ies  of flights was to determine the repeatability of 
the system in calculating performance of exhaust nozzles. This was done using refer- 
ence ejector nozzles having known thrust performance. Secondary weight flow to the 
nozzles was varied so that the effect of changes in inlet capture mass flow could be eval- 
uated. 
Flights were flown over the Mach number range of 0.6 to 1 .3  along the profile shorn 
in figure 17. This profile was chosen to minimize elevon trim excursions, angle-of- 
attack variations, and to operate near the full-scale range of the pressure transducers. 
Angle of attack and elevon deflections along this profile a r e  shown in figure 18. 
Calibration flights were made several times during the program. This was done tea 
check the repeatability of the system and to obtain additional data a s  the need arose, 
Data for Mach numbers 0.60 and 0.70 were obtained with the referencie nozzle with a 
smaller exit area diameter (34.5 em or 13.60 in.). This smaller area allowed the pri- 
mary flow to be attached within the ejector shroud whereas it was detached at the same 
pressure ratios for the large nozzle. This attached flow condition provided a high degree 
of confidence in using the prior ground calibrations of the internal nozzle thrust. 
In evaluating performance of various research nozzles the nozzle thrust minus drag 
is usually ratioed to the ideal thrust of the primary jet. The primary thrust is obtained 
from the engine calibrations of reference 7, utilizing the gas generator method, 'The na- 
celle thrust and drag forces a r e  shown in figure 19. All axial forces downstream cf sta- 
tion 127.68 a r e  assigned to the nozzle and all forces upstream a r e  assigned to the nacelle. 
The research nozzle thrust minus drag is given by the following equation: 
T - D = T a r e  + + mn(a + g  sin 8) I 2) 
Tare  is defined a s  the summation of nacelle drag forces; that is, 
Tare = Dram ' 
' Dbump + Dcowl + Dnac ' Dstrut 
In order to use equation (2) to evaluate research nozzle performance, ithe Tare force 
must be obtained. This was done in the present investigation by using the calibrated ref - 
erence nozzle. Reference nozzles were installed on both nacelles. The exit conditions at 
the primary nozzle were determined by using the gas generator method for engines cali- 
brated for airflow, afterburner pressure drop, and afterburner temperature rise eharac- 
teristics. The internal thrust of each reference nozzle was determined by correlation of 
a nozzle thrust coefficient CF with the nozzle operating conditions. The nozzle had been 
gromd calibrated where CF was determined a s  a function of the ratio of internal ejector 
static pressure to primary nozzle pressure p /I? corrected secondary flow w f i  and I9 8 
primary area A8. The external drag of each reference nozzle was found by pressure 
measwemerat in the known base area  and by calculation of a skin friction drag. Skin fric- 
tion was caledated using flat plate theory with the friction coefficient defined a s  
C, = 0 . 0 7 5 / ~ e ' / ~ .  The bracketed term in equation (2) is the compensated load cell read- 
ing, The difference between the reference nozzle thrust minus drag T - D and the com- 
pensated load cell force is the nacelle tare  force. 
RESULTS 
Evaluation of Tare F.orces 
Tare  forces were calculated over the range of Mach number, mass flow ratio, and 
engine power setting. These tare  forces presented a s  coefficients a r e  shown in figure 20. 
It was not practical to obtain data points a t  the discrete Mach numbers shown. The raw 
data were within approximately 0.02 of the Mach numbers shown and were adjusted for 
this small deviation using the measured variation of tare with Mach number. It was sus- 
pected that there might be a difference in tare  force from left to right nacelles a t  the 
same mass flow ratio due to  misalinements or geometric differences due to tolerances, 
and so  forth, However, the data showed no consistent differences between left and right 
sides, It was also expected that the tare coefficients would vary with mass flow because 
ram drag, additive drag, and cowl pressure drag a r e  strong functions of mass flow ratio. 
Therefore, secondary flow was varied from corrected values of 0.02 to 0.08 to obtain data 
over the desired range. 
The tare coefficients were found to vary nearly linearly with mass flow ratio for all 
W4ch numbers. An initial least squares linear curve f i t  was made of all military power 
dab for both left and right nacelles a t  each Mach number. Crossplots of the data of fig- 
ure 20 were then made a t  a mass flow ratio of 0.82 a s  a function of Mach number and a r e  
presented in figure 21. The curve of figure 21 was used to adjust the data points of fig- 
w e  20 lor deviation in Mach number by using the slope a t  each Mach number. The na- 
celle tare force is most sensitive to flight Mach number in the region from Mach 0.9 
to 1.0. 
To obtain the nacelle tare  needed in equation (2) values of tare a r e  read from fig- 
ure 21.  Tare coefficients a r e  adjusted for variation in inlet mass flow ratio from the 
value of 0.82 of figure 21 by the following equation: 
The slope of Tare a s  a function of m/mO is obtained from figure 22. These slopes were 
obtained from figure 20. The contribution of ram drag to the slope is also shown an the 
figure. The nacelle tare force is most sensitive to change in inlet mass flow ratio be - 
tween Mach 0.60 and 0.70 (fig. 22). 
As can be seen on figures 20(c), (e) , and (g) , the scatter of data or deviation from 
the curve becomes greater when the engine is afterburning. Only the left engine after- 
burning data a r e  presented, but the right engine data exhibit the same tendency, The 
afterburner data not only show random deviation but a r e  also biased. That is ail the 
minimum reheat data lie lower than military data and the maximum reheat data ilie above 
the military. 
These apparent biases in afterburning a r e  thought to be the result of biases in the de- 
termination of reference nozzle thrust coefficients during calibration and possible imccu- 
racies in the engine afterburner calibrations. The tare coefficient in mximum after- 
burning is very sensitive to inaccuracies in the reference nozzle thrust coefficient be- 
cause the thrust level is higher. A I-percent inaccuracy in thrust coefficient a t  maxi- 
mum afterburniw produces a 3.64-percent e r ro r  in tare coefficient. 
No account is made for these biases and the true tare is taken to be that calculated 
from military data only. All the curves of figure 20 were established using only  military 
data. 
Another aspect of the tare force evaluations was that the tare force on one nacelle 
was not affected by power settings on the opposite nacelle. This fact was determined by 
maintaining military power on one nacelle and varying power on the opposite engrne. No 
change in tare was experienced a t  any power setting. This is shown on figwe 20(ej where 
the tare coefficient on the right nacelle does not change when power is varied on the left 
side. Point (a) was the right tare coefficient with maximum reheat on the left nacelle, 
point (b) with military on left, and point (c) with minimum reheat on the left.. 
Sbtistical Resu Its 
An estimate was made of the random er ro r  in determining nacelle tare forces or the 
repeatability of the system. A computer computation was made of the standard deviation 
of all military power data points (left and right) from the data of figure 20. This ealeu- 
lation was made a t  each discrete Mach number. The results a r e  presented in figure 23, 
The standard deviation of the data is defined a s  follows: 
where 
o sbndard deviation 
IT difference in tare coefficient between data point and curve 
- i 
n numberofdatapoints 
Figure 23 shows the standard deviation as  a percent of tare as a function of Mach 
number. Also shown is the level of e r ro r  in tare  necessary to  yield a 1-percent e r ro r  in 
T - D. The standard deviation of all  the data is shown to be within *l percent e r ro r  in 
thrust minus drag. 
The shndard deviation of the data for afterburning on the left side was also calcu- 
lated. These results a r e  shown in figure 24. These data points show larger deviations 
than military data alone. From Mach 0.80 to 1.06 the one sigma deviation would produce 
slightly less than 2 percent e r ro r  in thrust minus drag. This comparison includes the 
possible e r ro rs  in determining reference nozzle afterburning thrust coefficients. 
These errors a r e  not present when research data a r e  taken s o  that the e r ro r  in mea- 
suring thrust minus drag of research nozzles should exhibit accuracies less  than those 
shorn in the figure. No afterburning data were taken below Mach 0.80. Therefore the 
curves do not extend below this Mach number on figure 24. 
The probabgity distribution of all military power data (340 points) was compared to  
that of a normal distribution with a mean tare coefficient e r ro r  of - 1 . 0 0 ~ 1 0 - ~  and a stan- 
dara deviation of 20.45~10-4. This is the mean and standard deviation calculated from 
the data. If the data were perfectly curve f i t  by a least squares method the mean e r ro r  
would be zero. However, the curves used were the average of the curve fits of the left 
and right mcel&es. A plot of these distributions is shown in figure 25. The sample dis- 
tribution has a greater concentration of data in the region of low random er ro r  than the 
normal disxrib~dion. The sample has 72 percent of the data less  than one sigma wKereas 
the normal distribution includes 68 percent of the data less than one sigma. 
SUMMARY OF RESULTS 
Flight tests were conducted on a modified F-106 aircraft having thrust measuring 
systems on two underwing nacelles containing J85-13 turbojet engines. The program was 
conducted using reference nozzles having known thrust performance to determine the na- 
celle tare forces in the system. The effects of Mach number, mass flow ratio, and engine 
power settings were determined. The following results were obtained: 
I. Tare  forces were obtained a s  a function of Mach number whose random errors 
were nearly Gaussian and which resulted in a repeatability of 51.0 percent in  the calcula- 
tion of nozzle performance for 68 percent of the data. 
2. No appreciable cross flow effects of one nacelle installation on the other were ob- 
served. 
3. No appreciable difference in nacelle tare force between the left and right nacelles 
was observed. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, May 26, 1971, 
720-03. 
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Figure 1. - Modified F-106 aircraft. 
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Figure 2. - Aircraf t  details and installation of nacelles under the wing. 
(A l l  dimensions i n  m (in. ) unless indicated otherwise. ) 
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Figure 2. - Concluded. 
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Figure 3. - Nacelle s t ru t  fa ir ings and elevon. (Al l  dimensions i n  cm (in. unless indicated othewise. ) 
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Figure 4. - Nacelle. (A l l  dimensions i n  cm (in. ) unless indicated otherwise. 
Figure 5. - Nacelle cross-sectional area distribution. Maximum cross 
section area of nacelle Amax = 4 8 0  square centimeters (657 in. *). 
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Figure 7. - Instrumentation of f l ight inlet. 
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Figure 8. - Secondary flow calibration manifold. 
Secondary flow deflector 
radial clearance with non le  r 2 4  4.0- by 4.7-cm (1.575- by 2.25-in. ) holes 
housing ring, -0.25 cm (0.100 in. ) -! / 
I I r Min imum flow passage between 
I ' 
I ' /' nozzle eaves and ouslng ring, 
I I 32O /' 232 cm h (36.0 4' ~ n .  ) 
1- Small reference 
nozzle out l ine 
Figure 9. - Details of reference nozzles. (A l l  dimensions i n  cm (in. ) unless indicated otherwise. ) 
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Figure 10. -Instrumentation details of reference nozzle. (A l l  dimensions i n  cm ( in.)  unless indicated ol.herwlre. i 
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Figure 11. - Nacelle force diagram. 
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Figure 12. - Load cell compensation. 
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Figure 13. - Data acquisition system schematic. 
(a) Left forward electronics compartment (nose). (b) Left nacelle in le t  w i th  cover panels removed. 
(c) Right side missile bay rack, lowered. (d) Left side missile bay rack, lowered. 
Figure 14. - Data acquisit ion system components. 
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Figure 15. - Multiplexer schematic. 
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Figure 16. - Multiplexer scanning sequence. 
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Figure 18. - Angle of attack and elevon deflection over fl ight test profile. 
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Figure 19. - Detailed nacelle forces. 
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Figure 20. -Tare  coefficient as a funct ion of inlet mass flow ratio. 
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Figure 20. - Concluded. 
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Figure 21. - Tare coefficient variation with Mach number at constant mass flow ratio of 0.82. 
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Figure 22. - Change of tare coefficient with mass flow ratio. 
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Figure 23. - Percent random error in tare as a function of flight Mach 
number for military power. 
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Figure 24. - Percent random error in tare as a function of flight 
Mach number for afterburning. 
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Figure 25. - Probability distribution of military data. 
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